Background: To estimate a pooled association between hearing impairment and risk of mild cognitive impairment and dementia. Methods: PubMed, Embase, and Web of Science were searched for prospective cohort studies that examined the association between hearing impairment and risk of mild cognitive impairment and/or dementia. Random-effects models were fitted to estimate the summary risk ratios (RRs) and 95% confidence interval (CIs), which represents the pooled association between hearing impairment with risk of mild cognitive impairment and dementia, compared to subjects free of hearing impairment. Results: Four studies on hearing impairment with mild cognitive impairment and 7 studies on hearing impairment with dementia were included in the meta-analysis. A total of 15,521 subjects were studied with follow-up periods between 2 and 16.8 years. Hearing impairment was associated with a greater risk of mild cognitive impairment (RR = 1.30, 95% CI: 1.12, 1.51) and dementia (RR = 2.39, 95% CI: 1.58, 3.61). Conclusions: The meta-analysis showed that hearing impairment is associated with a higher risk of mild cognitive impairment and dementia among older adults.
Introduction
Dementia, featured with loss of intellectual abilities severe enough to interfere with occupational or social functioning, has become a major public health burden in the US. The prevalence of dementia in 2012 was 8.8% among the population of ≥65-year-olds in the US [1] . The Framingham Heart Study indicated that the remaining lifetime risk of developing any type of dementia was 10.9 and 19% for a 65-year-old man and woman, respectively [2] . It is expected that the number of people living with dementia worldwide will exceed 135 million by 2050 [3] . According to the Alzheimer's Association, the aggregate cost of care for Americans aged 65 and older with dementia will reach USD 259 billion in 2017 [4] . Currently, no effective therapies are available to cure dementia or slow its progression. Mild cognitive impairment (MCI) is an intermediate state between normal cognition and dementia, with a published prevalence between 5.0 and 36.7% worldwide [5] . MCI contributes to disease burden and increases the risk of dementia [6] .
Hearing impairment, or hearing loss often occurs with aging and is common among older adults -approximately one-third of people over 65 years of age are affected by disabling hearing loss [7] . Hearing loss is the third most common chronic condition and the fourth most detrimental condition that affects quality of life in older adults [8] . Evidence has shown that hearing impairment is more common in patients with dementia than in healthy older adults [9] . Hearing impairment was hypothesized to be associated with cognitive decline decades ago [10, 11] ; however, population-based research on associations between hearing impairment and MCI and dementia has not been frequently conducted until recently. A number of prospective cohort studies during the last decade suggested that hearing impairment is associated with a higher risk of MCI and dementia. However, these studies used varied diagnostic criteria for hearing impairment and MCI/dementia. It is not known whether these differences affect the association between hearing impairment and risk of MCI and dementia. Clarifying the role of hearing impairment in MCI and dementia is fundamental, since if its role is established, hearing assessments might be clinically applied for assessing the risk of MCI/dementia, and hearing aids may be used to delay dementia among older adults with hearing impairment. Moreover, routine hearing care may be administered among the general population to maintain cognitive function and further reduce the public health burden caused by MCI/dementia.
A recent meta-analysis examined the pooled association between hearing loss and risk of Alzheimer disease, a major type of dementia [12] . However, no study has summarized the association between hearing impairment and risk of overall dementia. Therefore, we conducted a systematic review and meta-analysis with the primary objective of summarizing the existing evidence of the association between hearing impairment and risk of MCI and dementia among older adults.
Methods

Search Strategy
We followed the PRISMA (Preferred Reporting Items for Systematic reviews and MetaAnalyses) guideline for the meta-analysis [13] . We systematically searched PubMed, Embase, and Web of Science for epidemiological studies on the association between hearing impairment and MCI and/or dementia. Search terms included "hearing impairment," "hearing loss," "cognitive impairment," "mild cognitive impairment," "dementia," and "Alzheimer's disease." We also searched for studies listed in review papers, in case there were potential studies not captured by the database search strategy. The search was limited to articles written in English.
Data Selection and Extraction
We included original full-text studies that: (a) were prospective cohort studies published in peer-reviewed journals from January 1966 to June 2017, (b) included adult participants free from MCI or all-cause dementia as outcomes at baseline and receiving standardized hearing examination, (c) assessed primary outcomes including MCI and/or dementia. We further excluded studies that included only cognitive function and cognitive change as outcomes without assessing cognitive status of MCI and/or dementia, as well as studies without testing hearing ability.
Study selection was conducted in 3 steps. First, the titles of studies identified in our literature search were independently evaluated by 2 reviewers. Second, the abstracts of studies that remained after the initial screening were independently evaluated by 2 reviewers, and disagreements were reconciled. Third, information of studies that met inclusion criteria were extracted independently by 2 reviewers, including sample size, regions, follow-up time, age, sex, race/ethnicity, assessment and prevalence of hearing impairment, ascertainment of MCI/dementia, results of studies and covariates included in the analysis.
Quality Assessment
Quality assessment was conducted using the Newcastle-Ottawa Scale [14] . The NewcastleOttawa Scale evaluates the quality of cohort studies in 3 domains: selection of exposed and unexposed cohorts (representativeness of the exposed cohort, selection of the unexposed cohort, ascertainment of exposure, and demonstration of absence of outcome at the beginning of studies), comparability of exposed and unexposed cohorts (analysis appropriately adjusted for potential confounding factors, including the most important factors and additional ones), and outcome ascertainment (adequacy of outcome assessment, length of follow-up, and adequacy of follow-up). A study was awarded 1 point for each variable within domains of selection and outcome and 2 points for comparability for a possible maximum total score of 9. The quality assessment was conducted independently by 2 reviewers, and the results were reconciled until a consensus was reached.
Statistical Analysis
The analyses of MCI and dementia were conducted separately. Risk ratios (RRs) and 95% confidence intervals (CIs) were derived from included studies after full adjustment. Other effect measures (odds ratios, incidence rate ratios, and hazards ratios) were considered equivalent to RR. Data were pooled across studies using random-effects meta-analysis models and weighted by the inverse of the estimated variance, comparing the participants with hearing impairment with those free of hearing impairment as indicated in each study. If studies had multiple comparisons (e.g., mild/moderate/severe hearing impairment) and showed a general linear trend, then the comparisons between groups with moderate hearing impairment and normal hearing were chosen for meta-analysis, since it is more likely to represent the relative risk comparing individuals with hearing impairment and those without. The pooled RR was considered statistically significant if the 95% CI did not contain 1. Forest plots were created to illustrate individual and pooled risk estimates. I 2 statistic was calculated to quantify the proportion of between-study heterogeneity attributable to variability in the association rather than sampling variation, and significant heterogeneity was considered if the p values corresponding to I 2 statistic were smaller than 0.05 [15] . Begg's test was conducted to examine potential publication bias. A p value corresponding to the z value smaller than 0.05 indicates a significant publication bias. Subgroup analysis on study characteristics, including regions of studies (North America/Asia/Europe), mean age of subjects (≥65 years or not), assessment of hearing impairment and assessment of MCI/dementia were planned but ultimately not conducted due to the limited number of studies included. Sensi-
Results
Literature Search
The database search yielded a total of 5,387 citations (Fig. 1 ). An additional 6 studies were identified from the bibliography of relevant reviews. After eliminating duplicates, 3,701 remained. Of these, 3,655 studies were not relevant or not prospective cohort studies and were therefore excluded. The 46 remaining studies were retrieved in full text to be examined in more detail. Of these, 36 were ultimately excluded for not meeting other inclusion criteria. A total of 10 studies met the inclusion criteria and were included in the meta-analysis [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , including 4 studies reporting MCI and 7 studies reporting dementia as outcomes (1 study reported both).
Systematic Review
Among the 10 cohort studies included, 8 were from the US [16] [17] [18] [20] [21] [22] [23] [24] , 1 was from UK [19] , and 1 was from Singapore [25] . The pooled sample included 15,521 participants with (Table 1 ). The assessment of MCI and dementia included physician diagnosis and cutoff points of specific cognition scales. Clinical outcomes also differed across studies (Table 1) .
Quantitative Analysis
The meta-analysis of 4 cohort studies indicated that there was a significantly higher risk of MCI among subjects with hearing impairment (RR = 1.30, 95% CI: 1.12, 1.51; Fig. 2 ) compared to those with normal hearing. The pooled analysis of 7 cohort studies indicated that there was a significantly higher risk of dementia among subjects with hearing impairment (RR = 2.39, 95% CI: 1.58-3.61; Fig. 3) . No significant heterogeneity of estimates was found among the 4 studies focused on MCI (I 2 = 0.0%, p = 0.411), while there was significant heterogeneity across studies on hearing impairment and the risk of dementia (I 2 = 81.4%, p < 0.001). The Begg's test of the association between hearing impairment and risk of MCI showed good symmetry (z = 1.02, p = 0.222), indicating that publication bias was not likely. Studies on the associations between hearing impairment and risk of dementia showed significant publication bias (z = 2.40, p = 0.016), but the publication bias no longer existed after excluding 2 studies with extreme results (z = 1.71, p = 0.086).
Quality Assessment
The methodologic quality of the 10 studies included in the meta-analysis, as scored with the Newcastle-Ottawa Scale, showed that the mean total score was 8.6 out of a maximum score of 9 (range 5-9), which indicated that, overall, the methodologic quality was good for the included studies ( Table 2 ). The 10 studies generally received good scores for the criteria on selection, comparability, and outcome. 
Discussion
The present meta-analysis identified 10 prospective cohort studies that have investigated hearing impairment as a predictor of MCI and dementia among older adults. In particular, results from all studies on hearing impairment and dementia indicated positive associations despite variations in hearing test protocols, assessment methods, and outcome measures. Our pooled analysis confirms a strong association between hearing impairment and adverse cognitive status, including MCI and dementia among older adults. To our knowledge, this is the first study to summarize the existing literature on the prospective association between hearing impairment and risk of MCI and dementia in older adults.
Similar systematic reviews and meta-analyses on hearing impairment and dementia have been published recently. One systematic review summarized 17 studies on hearing loss as a risk factor of dementia and cognitive decline and demonstrated that hearing loss is asso- ciated with higher incidence of dementia in older adults; however, the assessments of hearing ability and cognition varied among studies [26] . Zheng et al. [12] conducted a meta-analysis on hearing impairment and risk of Alzheimer disease, a major type of dementia, using cohort studies and found that hearing impairment significantly increases the risk of Alzheimer's disease (RR = 2.82, 95% CI: 1.47-5.42; p = 0.002). The results of our analysis are consistent with these studies. One feature of our included studies is that all subjects had in-person evaluations of hearing ability in order to accurately assess hearing impairment. Consequently, we excluded studies that used other methods for ascertainment of hearing impairment. Fritze et al. [27] used the International Classification of Diseases 10th Revision (ICD-10) definition of hearing impairment and found that patients with hearing impairment of either side had a higher risk of dementia incidence than patients without hearing impairment (hazards ratio = 1.20, p < 0.001). This is consistent with our finding.
While the precise mechanisms through which hearing impairment brings about adverse cognitive status are not clear, several potential mechanisms have been proposed. First, auditory deprivation may cause decreased socialization and increased depression, as well as a decline in cognitive function, which can result in MCI or dementia [28] . Additionally, it is possible that hearing impairment causes cognitive resources to be diverted from memory function into auditory processing, which creates an excessive cognitive load on higher cortical functions, leading to cognitive decline and dementia [29] . Hearing impairment may also modify the auditory pathway and the brain, which causes cognitive decline and dementia [30] .
Alternatively, studies suggest that hearing impairment and cognitive decline share a common neurodegenerative process, which leads to both hearing impairment and MCI/ dementia [31] . If this is true, then hearing impairment does not cause MCI and dementia, and improvement of hearing would not improve cognition or reduce the risk of MCI and dementia. If this theory was true, cognition could only be improved through a neuroregenerative process. This is unlikely to be true, since all of our included studies consistently showed hearing impairment precedes the occurrence of MCI and dementia, and a previous study has indicated that use of hearing aids is associated with better cognition, independently of social isolation and depression [32] . While further efforts are required to explore the exact mechanisms to achieve an optimal effect in prevention of MCI/dementia, our findings suggest a causal relationship between hearing impairment and MCI and dementia.
If there is a true causal relationship between hearing impairment and MCI/dementia, it would provide insights for prevention of dementia in clinical settings. Hearing aid use appears to reduce adverse health outcomes due to loneliness, which is positively associated with dementia [33] . Therefore, use of hearing aids is posited to reduce the risk of dementia. Future intervention studies are needed to assess whether treatment of hearing impairment can reduce the risk of MCI and dementia in older adults. Very few studies have tested the relationship between using auditory amplification and cognitive change. Acar et al. [34] showed that after 3 months of using hearing aids, all subjects with hearing impairment showed a significant improvement of their psychosocial and cognitive conditions. MacDonald et al. [35] showed in a randomized controlled trial that hearing augmentation significantly improved performance on Mini-Mental State Examination scores compared to the control group.
Although the results are promising, hearing aid use is rare in the US. Only 18% of older adults with impactful hearing loss actually use custom-fit amplification [8] . This may be due to cost barriers and low coverage by health insurance and Medicaid, so that hearing aids are only accessible to individuals with a high socioeconomic status [36] . Given the benefits of hearing aid use in reducing the risk of dementia, we call for affordable approaches to auditory care. This remains a great challenge for the "high-risk strategy," which is to identify and treat high-risk individuals; however, even if hearing aids become more accessible, such high-risk strategy may not be sufficient to fundamentally prevent the risk of dementia associated with hearing impairment. Several studies included in our meta-analysis indicated monotonically linear associations between hearing impairment and dementia [17, 20, 21] , in addition to using cutoff points for indicator of hearing impairment. This indicated that there is no specific threshold of hearing impairment associated with significantly increasing risk of dementia. Instead, each incremental unit of hearing impairment may be associated with a higher risk of dementia. In this case, the "population strategy," defined by Geoffrey Rose as "a public healthoriented approach to preventive medicine and public health which predicts that shifting the population distribution of a risk factor prevents more burden of disease than targeting people at high risk" should also be considered in this case [37] . Improving hearing ability of the whole population may fundamentally reduce the prevalence of hearing impairment and reduce the risk of dementia. The implementation of population strategy, however, is challenging, since the public awareness of hearing impairment as an important risk factor of MCI and dementia is low among older adults compared to others, such as physical activity [38] . Therefore, it is imperative to educate the population on the importance of hearing impairment and MCI and dementia. In addition to health education, it is suggested that routine hearing care be conducted in primary care and community settings. Currently, hearing is not frequently tested as a potential cause of cognitive decline in primary care clinics [39] , though it has a great potential for dementia prediction with a relatively low cost. A combination of population strategy and high-risk strategy may potentially achieve the largest effect in preventing dementia.
This meta-analysis is limited by the fact that the number of studies that met our inclusion criteria is relatively small (4 for MCI, 7 for dementia). However, our included studies were all recently published population-based studies with a standardized procedure of the hearing test, which reflects the latest trend of current research on hearing impairment and MCI/ dementia and ensures the quality of the studies. In addition, the generalizability of our study is a potential issue in interpretation, since 8 out of 10 studies included were from the US. This calls for more studies to be conducted in other regions. Another important limitation is that the definition of MCI varied among different studies, and only 1 out of the 4 studies used clinical standards for diagnosis. We encourage future studies to implement standardized assessments that reduce the influence of hearing on MCI evaluation, through alternative nonverbal modalities, in order to reduce any potential false-positive results. However, our analysis suggested that no significant heterogeneity was detected, so the result was not significantly affected.
In conclusion, our meta-analysis showed that hearing impairment is associated with a higher risk of MCI and dementia among older adults. Future intervention studies are needed to assess whether treatment of hearing impairment can reduce the risk of MCI and dementia in older adults. Measures should also be taken to improve hearing ability among older adults for further prevention of MCI and dementia.
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